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Abstract

The Galileo Photopolarimeter Radiometer (PPR) experiment
took direct high-speed photometric observations at 678 and 945 nm
of several SL9 fragment impacts with Jupiter. Initial flashes occurred
at (G) July 18, 07:33:32, (H) July 18, 19:31:58, (L) July 19, 22:16:48;
and (Q1) July 20, 20:13:52 (equivalent UTC observed at earth), with
relative peak 945-rim brightnesses of 0.87, 0.67, 1.00 and 0.42,
respectively.  These lightcurves show a 2-see rise to maximum, a 10-
sec plateau and an accelerating falloff. The Q1 event, observed at
both wavelengths, yields a color temperature of more than 10,000 K
at its peak.
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INTRODLJCTION

The impacting of Comet Shoemaker-Levy 9 (“S1.9”) into Jupiter in
July 1994 was an extraordinary event, stimulating an unparalleled set of
astronomical observations, The instrument complement of the Galileo
spacecraft, on its way to a December 1995 orbit insertion at Jupiter, was
able to observe the impact events from a unique vantage point above the
dawn terminator (Fig. 1). The Photopolarimeter Radiometer (PPR) (1), a
single field-of-view instrument, employs a rotating filter wheel covering a
variety of wavelengths in the visible and near infrared for photometric and
polarimetric remote sensing of Jupiter’s atmosphere and satellites.

For the observations of SL9, the PPR was used as a high-speed
photometer, as it was important to maximize the chance of observing
the radiation associated with the impact events, given considerable
uncertainty about their magnitude, timing, and duration. Brief, bright
emission from a very small area was expected for the “meteor flash” as the
comet fragments passed through the atmosphere (2). With the comet
moving at 60 km/seg, its passage through the atmosphere could be short
enough that the detectable signal might be lost while rotating between
filters. Consequently, single filter measurements with a 0.23 sec sample
time were employed for most of the observed impacts.

Among the available wavelengths, two of the three polarimeter filters
were selected: 678 and 945 nm (with bandwidths of 9 and 11 nm,
respectively), near the peak sensitivity of the silicon diode detectors. Most
events were observed at 945 nm alone, offering the possibility of detecting
thermal emission from an upwelling fireball, which at some 3000 K (2)
would be cooler than the entry meteor flash. For fragment Q1, however,
measurements alternated at 678 and 945 nm, with a sample period of 1.26

sec at either wavelength.
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Radiation passes through a Wollaston prism in the PPR in order to
separate orthogonal polarizations, which are sensed by separate detectors (1).
These simultaneous measurements afforded an enhanced ability to confirm
the reality of detections, since the signal for areal event would appear in
both channels, in contrast to random noise or spikes produced by cosmic
rays hitting the silicon diode detector; the impact-induced radiation was
not likely to be polarized.

At adistance of 1.6 AU from Galileo, Jupiter subtended only 0.6 mrad
within the PPR 2.5 mrad diameter field (Fig. 1). With no scan platform
motion required (3), and no use of the tape recorder (4), the PPR
observations were sufficiently benign to be approved by the Project at times
when Galileo was not in contact with any ground station. Impact events B, H,
L, Q1, and S were selected for the memory-buffered approach (4). For the
C, G, and R events, the PPR was set up to record data simultaneously with
the infrared and ultraviolet spectrometer measurements (5). The R data on
tape are not yet available.

Whether an impact event was detected depended on three factors:

1. Movement of the actual impact time relative to fixed observing
time. The start and end times for the observation were fixed in mid-June
by the spacecraft planning schedule.

2. Brightness of the impact, influencing signal level.

3. Amount of the stored data that could be returned given downlink
communication time available.
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OBSERVATIONS

Among the set of memory -buffered obsmvations, definite signals were
found for H, L, and Q1 (6; Fig. 2-3). These events were all much shorter
than the observed time span (Table 1). The 1 ¢ noiselevel at 945 nm for all
observations was 1.2 data numbers (DN) after averaging the two polarization
channel signals together without smoothing. This is about 0.5% of the
integrated brightness of Jupiter at 945 nm.

All of the events detected show a rise to maximum signal within 2
seconds, at which time there is a sudden slope change at the peak intensity.
All of the 945-rim measurements bear a similar shape, with about a
10-sec plateau prior to falloff. The maximum duration of detected light is
35 sec for L. Data returned from the G impact, although sampled less
frequently, show the same general behavior as the others (Fig. 4). Thereisa
suggestion of secondary flashes in the 3 minutes following the main G flash.
However, examination of the two PPR channels shows a lack of correlated
signals during this period, and it is unlikely that these peaks are real. It
should be pointed out that there is no structure in the data indicating a
separate detection of a “meteor” and a “fireball” phase, except perhaps for
the slope change.

The 678 nm data for Q1 differ in that the signal decays faster (Fig. 5).
We note that the time-drift images of impacts K and N at 890 nm by the
Solid State Imaging instrument on Galileo (7) show a comparable duration to
our 945 nm data, and a similar shape. The SS1 sequence of W images at 559
nm (7) show arise and fall within about 5 see, which is similar to the Q1
678 nm behavior. There is an unidentified spike in the Q 1 data about 1.5 min
after the principal event seen in four channels (Fig. 3); this spike appears
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only in the two 678 nm channels, and those amplitudes differ by over a
factor of two. Although the amplitudes are well above noise levels, the
brevity of the signature and its dissimilar amplitudes suggest this may be a
cosmic ray event affecting the two independent detectors. No other event of
thiskind is seen in the entire SL9 data set.

ANALYSIS

Two possible interpretations of the PPR data were initially conceived:

1. The flashes represent the hot meteor phase of the fragments
demise, with a duration indicative of the time for the glowing trail material
to radiate its energy.

2. The PPR signal represents only the “fireball” phase: the upwelling
or expansion of hot material after the meteor deposits its energy.

Clues to the origin of the light seen by the PPR can be found in the
absolute intensities, in the ratio of intensities at different wavelengths, and in
the correlation with other data sets.

The peak absolute signal levels observed by the PPR at 945 nm
represent about 6% of the signal from Jupiter itself for the L event. The
signal can be modelled by

S,, = B, (T(t)a)(1), 0

where B(T(1)) is the time-dependent Planck function and w(t) is the effective
solid angle subtended by the emission. The peak L signal is fit for either of
these two distinct cases:

1. A meteor flash having T=10000 K and the solid angle of a 150 km’
area. This area could be a“pencil” of dimensions 2,5 by 60 km, for example.
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2. A fireball having T=3000 K and the solid angle of an area 400 km?
in size.

From this information alone, it would be difficult to establish a
mechanism for the flash.

A substantia clue to the interpretation of the PPR signals is provided by
the 678 and 945 nm flux ratio for Q 1. The ratio indicates temperatures near
18000 K, if blackbody emission IS assumed (Fig. 5; note 8). At such
temperatures, a source area near 5 km?2 is adeguate. ‘I’ he high emission at
678 relative to that at 945 nm implies a hot and compact phenomenon being
responsible for the earliest few seconds of the PPR light curve. The rapid
dropoff of radiation at 678 nm indicates a rapid cooling phase, as the peak of
the blackbody radiation shifts to longer wavelengths. This behavior is
consistent with the brevity of the 229-nm detection by the Galileo Ultraviolet
Spectrometer experiment for G (9) and the brief 559-rim peak measured by
the SS1 for W (7).

The 678 nm to 945 nm flux ratio drops to a value consistent with
blackbody temperatures less than 4000K and an area on the order of 600
km2 within 10 seconds. Initia high temperature and small solid angle are
also suggested for the G impact by the ratio of the Galileo UV S 229 nm flux
to that detected by the PPR at 945 nm during the rise to maximum signal (9).
Behavior of the Near-IR Mapping Spectrometer spectra obtained seconds
later for G are also consistent with an expanding, cooling, blackbody source
with an initial temperature above 5000 K, going down to 450 K in just over
a minute (1 O). The atmospheric pressure levels implied from the NIMS
methane band data, when extrapolated backward to the time of the PPR peak,
are near 50 mb, well below where a meteor trail would be found.

Could the first few seconds of the PPR flashes be due to the meteor

phase? That phase of the impacts should resemble large terrestrial meteor
events; ablation by either Jovian Hz or terrestrial N2 would in either case
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produce a hot vaporized layer of impactor material. Terrestrial meteors
display a rich spectrum of metallic lines corresponding to excitation
temperaturesin the several thousand K range (11). Most of these lines arein
the blue region, with only weak continuum in the red and infrared (12).
Consequently, we expect the meteor phase to be dim at the PPR-detected
wavelengths, as well as those used by the SS1 camera (13).

It also seems unlikely that the intensity of the meteor phase would so
nicely merge into that of the fireball phase that follows. Note that the light
curve shapes are very similar for four events of differing magnitude (Fig.
6). The only indication of a separation is the aforementioned slope change,
which could indicate termination of the trail or disappearance below clouds.

Thus, the PPR measurements, together with those of the other Galileo
experiments, imply a continuous impact radiation event, with no clear
distinction between an impacting meteor flash and subsequent fireball. The
three-dimensional modelling of the impacts by Crawford et al (2) imply that
the meteor entry above the level of obscuring clouds would be followed by
immediate expansion of the upper portion of the entry tube into a hot,
compact fireball, aided perhaps by subsequent rebound of material from
further down the tube. In this comparison, the sharp initial rise of the PPR
data may correspond to the fast passage of the fragment through the visible
part of the atmosphere. The rise would be caused by a growing solid angle
of the entry tube, and the increasing frictional discharge of the fragment’s
kinetic energy into ablation heat. The abrupt cessation of the intensity rise is
ascribed to either the bolide passing below a cloud layer, or to final breakup
of the body. The following part of the PPR curve, which arises from a
prompt “fireball” phenomenon, is simply the contribution of two competing
terms: a cooling Planck emission and a growing solid angle, as in Equation
1. The balance of these terms produces the flat part of the curve at 945 nm,
and the acceleration downward of the signal indicates the growing
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dominance of the cooling. Note that it is not necessary to conclude from the
Crawford et al model that PPR detects the meteor phase emission.

Interpreting comparisons with simultaneous earth-based observations is
very important but by no means straightforward. Terrestrial observations
attest to the complicated nature of the impacts, which may in some cases have
involved tidally disrupted portions of the main impacting fragment. Sensitive
near-infrared (-2 pum) light curves of several impacts from various
observatories typically show two low-amplitude events before the main
infrared brightening (14,1 5,16, 17). One interpretation of these three events
Is that they arise from (a) the impact bolide, (b) the plume and fireball
upwelling over the horizon, and (c) the thermalization of the kinetic energy
of the particles upon re-entry into the upper atmosphere.

The prospect is extremely intriguing that the initial bolide could be seen
from earth, either from light refracted past the limb or, more likely,
reflected off an incoming dust train. Verification of the simultaneity with
Galileo observations is important for this interpretation. For the L impact,
both Calar Alto (14) and Pic-du-Midi (15) measured the first of these small
signals near the time of the PPR detection. The first observation of the H
impact by Calar Alto (14), on the other hand, appears at 19:33, a minute
after the PPR signal, although these may be consistent, given the £ 1 min
timing accuracy of these Calar Alto observations. For the G impact, the
Anglo-Australian Telescope (18) observed a faint point-like source on the
limb at 7:32:58, coincident with the PPR time to within the 2-rein AAT
sampling interval. These comparisons are all consistent with the impact
flashes being observable from the earth. The coincidence of afeature above
the limb at the G impact site in an 888 nm filter exposure made by the
Hubble Space Telescope Wide-field/Planetary Camera between 7: 33: 15 and
7:33:45 (19) lends weight to the interpretation that the initial flash observed
from the earth was fireball radiation reflected off atrailing dust cloud. Its
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integrated brightness is much less than that measured by the PPR at nearly
the same wavel ength within the same time frame, implying that most of the
radiation detected by the PPR originated below the 11ST-observed limb.
Furthermore, its appearance at the limb 400 km above the 100-mbar level,
seconds after the PPR observations, implies atime interval too short for a
fireball to well up, assuming a speed on the order of the ~10 km/see
velocities responsible for the observed ballistic trajectories of the plume
material at subsequent times (19). Obviously, the most complete picture of
the first few seconds of the impact events will arise from detailed
comparisons between the PPR and other Galileo observations and a large
suite of terrestrial measurements at these and later times, together with
models of the impact phenomenon.

We can readily determine an upper limit for the flux reflected from the
closest Galilean satellite, lo, for the initial flash. The peak flux density for
fragment L observed at a distance of 1.6 AU by the PPR at 945 nm wave-
length is 2.7 x 10-15 W cm-2 rim-| (Fig. 6). Scaling that value to 10’s dis-
tance from Jupiter’s “surface” (3.52 x 105 km), we get 1.26 x 10-9 W ¢cm-2
rim-l, assuming isotropic emission from the impact point. Dividing this by
the solar flux density at Jupiter at 945 nm (3.03 x 10-6¢ W cm-2 rim-|; ref.
20), we obtain 4.15 x 10-4. This maximum brightening that might be
expected for Io would be difficult to detect, and is consistent with the
apparent lack of such reflected impact “flashes”.

Although we intended to derive absolute mass estimates from the PPR
flash intensities, it is now unclear if that will be possible, since much of the
energy deposition may be hidden from view for deeper-penetrating
fragments. Whatever its value, we can however state arelative brightness
based on the 945 nm data in hand. Using the peak values of the 945 nm
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signal, we find L, G, H, and Q1 to have relative brightness of
2.4.2.1:1.6:1.0. The HST observations of the impact sites (19) provide a
qualitative hierarchy in which the G, K and L impact sites have the highest
associated energy because of their large ejecta, central dark region more
than 10,000 km in diameter, and multiple impact waves. The H impact site
has a central dark region between 4000 and 8000 km in size, medium egjects
and a single impact wave, and Q1 has a central dark region less than 3000
km with no gects and no observed impact wave. These are consistent with
the ordering in energy that can be established with the PPR (and other
Galileo) measurements. Further earth-based measurements of comparative
phenomena, such as amount of NH3 gas upwelled, column abundance of
particulate generated or amplitude of temperature perturbation can provide
significant additional constraints on the incoming fragment energy. On the
other hand, pre-impact HST observations of the individual cometary
fragments give brightnesses (21) for L, G, H and Q1, of 1.00, 1.33,0.80 and
1.40, respectively. These are in obvious disagreement with our ordering,
and imply that a significant component of the observed comet brightness was
contributed by particles that did not contribute substantially to the kinetic
energy of the incoming fragment. The breakup of Q also suggests that the
impactors are not structurally identical to the earlier fragments.
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Figure legends

Figure 1. Size of Jupiter and impact site location within the Galileo PPR field of view.

Figure 2. Fragment H and L impacts.

Raw signal traces for the two orthogonal polarization channels of the PPR. Differences in
ambient level of the two channels are due to electronic drift of the zero radiance level; the
dark current restoration procedure normally performed was omitted here in order to avoid
filter wheel stepping and consequent loss of time resolution. Offsets have been applied to
Channel 2 data to facilitate comparison. Sample interval is 0.23 sec.

Figure 3. Fragment Q1 impact.

Raw signal traces for the two orthogona polarization channels of the PPR for both the
678 and 945 nm filters, which were viewed alternately. Differencesin ambient level of
the two polarization channels are due to electronic drift; offsets have been applied to
facilitate comparison. Sample interval is 1.26 sec for a given filter.

Figure 4. Fragment G impact.
Peak signal levels obtained during the repetitive scanning motion across Jupiter, with a

period of 5.3 sec. The average of the two orthogonal polarization channels of the PPR is
shown.

Figure 5. Fluxes at 945 and 678 nm for impact Q1.

The two polarization channels were averaged together for each wavelength, and periodic
noise in one 678 nm channel removed (see Fig. 3). The relative amplitude of these
signals indicates a high temperature for the flash.

Figure 6. Fluxes at 945 nm for the impacts Ci, H, L, and Q1.
Data for G are shown as + symbols.
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